The collision of the doubly-magic nuclei 16 O+ 208 Pb is a benchmark in nuclear reaction studies. Our new measurements of back-scattered projectile-like fragments at sub-barrier energies show show that transfer of 2 protons (2p) is much more probable than α-particle transfer. 2p transfer probabilities are strongly enhanced compared to expectations for the sequential transfer of two uncorrelated protons; at energies around the fusion barrier absolute probabilities for two proton transfer are similar to those for one proton transfer. This strong enhancement indicates strong 2p pairing correlations in 16 O, and suggests evidence for the occurrence of a nuclear supercurrent of two-proton Cooper pairs in this reaction, already at energies well below the fusion barrier.
Collisions of heavy ions at energies well below and close to the fusion barrier are entirely driven by quantum mechanics. For example, sub-barrier fusion occurs through quantum tunnelling of the projectile nucleus through the fusion barrier. This process in turn is affected by the internal structure of the collision partners [1] , leading to a coherent superposition of reaction channels. Amongst the possible reactions competing with fusion, transfer of more than one nucleon is certainly the least well understood mechanism, and constitutes an important task to be described both experimentally and theoretically. In particular, the distinction between sequential and cluster transfer is a great challenge, not only in nuclear physics [2] , but also in electron transfer between ions or atomic cluster collisions [3] . In nuclear collisions, the transfer of a cluster of nucleons is a clear signature of correlations between the transferred nucleons affecting the dynamics. Pairing between nucleons of the same isospin as well as α-particle clustering have been considered as the most important correlations affecting multi-nucleon transfer [2] .
Measurements of transfer probabilities in various reactions and at energies near the fusion barrier have therefore been utilized to investigate the role of pairing correlations between the transferred nucleons. Pairing effects are believed to lead to a significant enhancement of pair and multi-pair transfer probabilities [2, [4] [5] [6] [7] . Closely related to the phenomenon of pairing correlations is the nuclear Josephson effect [8] , which is understood as the tunneling of nucleon pairs (i.e. nuclear Cooper-pairs) through a time-dependent barrier at energies near but below the fusion barrier. This effect is believed to be similar to that of a supercurrent between two superconductors separated by an insulator. An enhancement of the transfer probability at sub-barrier energies is therefore commonly related to the tunneling of (multi-)Cooper-pairs from one superfluid nucleus to the other [2] .
The reaction 16 O+ 208 Pb can be considered a benchmark in low-energy heavy-ion collisions [9] [10] [11] [12] [13] . In the independent particle shell model, both nuclei are doublymagic with a closed shell of protons and neutrons. However, one and two proton knockout measurements of 16 O using inelastic electron scattering indicate that pairing correlations in the 16 O nucleus lead to a reduction of the spectroscopic factors of excited states just below the Fermi surface [14] . Furthermore, recent results based on the time-dependent density matrix approach [15] indicate that pairing correlations may indeed lead to cluster structure effects in 16 O. Various sources [16, 17] report on excited states in 16 O and other oxygen isotopes, strongly supporting an α-cluster structure.
Extensive measurements probing different transfer channels for the 16 O+ 208 Pb reaction exist. It was commonly believed that the dominant transfer process involving the exchange of two charged nucleons at energies near the fusion barrier was α-particle transfer (
16 O, 12 C) [9] . While at energies well above the fusion barrier, 2p transfer (
16 O, 14 C) in the same reaction was also observed [10] [11] [12] , relative probabilities between α-particle and 2p transfer were not addressed.
This letter presents evidence that (1) 2p transfer (and not α-particle transfer) is the dominant transfer process leading to ∆Z = 2 events in the reaction 16 O+ 208 Pb at energies well below the fusion barrier, and (2) 2p transfer is significantly enhanced compared to predictions assuming the sequential transfer of uncorrelated protons, with absolute probabilities as high as those of 1p transfer at energies near the fusion barrier.
Measurements were carried out using the 14UD electrostatic accelerator of the Australian National University. Beams of 16 O were incident on a 208 PbS target with a thickness of 100 µg/cm 2 , evaporated onto a 15 µg/cm 2 C backing. A detector telescope consisting of a gas ionization chamber and a Si detector located at a backward angle of θ lab = 162
• was used to record the energy and energy loss of the back-scattered projectile-like fragments (PLFs). Two Si monitors positioned at ±30
• were used to normalize the back-scattered events to the Ruther- ford cross section. A typical two dimensional spectrum at a beam energy corresponding to E c.m. /V B = 0.98 is shown in Fig. 1 . The three distinct regions correspond to oxygen, nitrogen and carbon PLFs, which are associated with the transfer of ∆Z = 0, 1 and 2 units of charge.
The main peak at E Si ∼ 50 MeV corresponds to elastically scattered 16 O particles. Events resulting from the transfer of three or more charged nucleons (∆Z ≥ 3) are not observed for measurements at sub-barrier energy.
Transfer probabilities for processes with different ∆Z are extracted by gating on the particular region of interest in the ∆E −E spectra, and normalizing the number of events to the total number of counts in the two forward The large open square and diamond at Ec.m./VB ∼ 1.0 are the measurements for N (blue) and C PLFs (black) from Videbaek et al. [12] . The smaller open squares and diamonds are the measurements for N (blue) and C PLFs (black) from Timmers [18] .
angle monitor detectors. Overall normalization of the probabilities was achieved using the total quasi-elastic excitation function, following the procedure detailed in Ref. [20] . Supplementary data comes from measurements using only a Si detector, and by integrating the number of counts in the total kinetic energy loss spectrum in a fixed energy interval. This is possible because of the well separated reaction Q-values for the predominant (as determined by our measurements and previous work) transfer processes in the reaction 16 O+ 208 Pb (see Table I ). Probabilities for the ∆Z = 1 (1p-stripping) and ∆Z = 2 transfer events are shown in Fig. 2 by the filled squares and diamonds, respectively. The transfer probabilities are plotted as a function of the distance of closest approach assuming a Coulomb trajectory [21] 
where Z p , Z t are the atomic number of projectile and target nucleus, and E c.m. and θ c.m. are the energy and scattering angle in the centre-of-mass frame, respectively. The absolute probabilities at an energy around the fusion barrier agree very well with previous measurements [12] at E c. for an incident oxygen beam on a lead target at the indicated energy. Histograms of the relative energy losses for the elastic scattering measurements using beams of 12 C and 13 C are shown by the green and red shaded areas. The Gaussians fits (dotted curves) correspond to 2p, 2p1n and α-particle transfer leading to 14 C, 13 C and 12 C ejectiles; the envelope of the fits is shown by the solid curve. Calculated relative energy losses for the three indicated transfer reactions are indicated by the vertical lines.
spectively. Earlier measurements at the ANU of the N and C PLFs from Ref. [18] are shown by the smaller open squares and diamonds, respectively, and also show excellent agreement. Neither measurements however allowed a separation in mass of the PLFs, and it was commonly assumed that α-particle transfer was the dominant ∆Z = 2 transfer process [9] .
In order to obtain insights into the ∆Z = 2 transfer mechanisms, an unambiguous identification of the dominant ∆Z = 2 transfer process is important. Reaction Q-values for 2p and α-particle stripping are too similar to allow for a separation of these processes solely based on kinematic considerations, as is the case e.g. for the 1p and 1p1n stripping reactions (see Table I ). However, 12 C and 14 C ions lose a different amount of energy in the gas of the detector telescope. The dashed curves in Fig. 1 show the calculated energy losses for the C isotopes 12,13,14 C. The locus of the majority of the measured ∆Z = 2 events coincides with the energy loss curve for 14 C. This suggests that the majority of ∆Z = 2 events originate from the 2p transfer reaction leading to 14 C, with a secondary contribution from 2p1n and α-particle transfer. However, the unique identification of events with a particular transfer process depends critically on the accuracy of the energy loss calculations, which in turn depend on the modelling of the detector and the accuracy of the stopping power tables used.
Beams of
12,13 C were used in the same experiment to determine the accuracy of the energy loss calculations, by scattering them from a thick tantalum target to give empirical energy loss curves for the detector telescope. These measurements were reproduced satisfactorily by calculations using an improved version of the code STROP3, which uses stopping powers from Ref. [22] . Based on the energy loss calculations, a new quantity, the relative energy loss ∆E rel , was then defined. This quantity corresponds to the difference between the measured energy loss of the ∆Z = 2 PLFs and the calculated energy loss of 14 C. The ∆E rel projections are independent of differences in kinetic energy of the PLFs, thus they present a useful tool for (1) identifying the dominant transfer processes, and (2) determining their corresponding absolute probabilities integrated over all final states in the residual nuclei. Fig. 3 shows the elastically scattered 12 C and 13 C beam particles, shaded green and red, respectively. The centroids coincide with the calculated energy losses for 12 C and 13 C (indicated by the vertical lines), therefore confirming the accuracy of the energy loss calculations as shown by the dashed curves in Fig. 1 . The relative energy loss spectrum for the ∆Z = 2 transfer events measured in the 16 O induced reaction is shown by the thick histogram in Fig. 3 for an incident 16 O beam energy corresponding to E c.m. /V B = 0.98. The majority of these ∆Z = 2 events lie at ∆E rel values above the centroids of the 12 C and 13 C events. This identifies the majority of these events with 14 C ejectiles, expected to be produced following the 2p-stripping reaction 208 Pb(
16 O, 14 C) 210 Po. The contributions to the total ∆Z = 2 transfer probability from the three transfer reactions 2p, 2p1n and α-particle transfer were extracted by fitting a 3-Gaussian distribution to the ∆E rel spectrum. The width of each individual Gaussian is fixed to the value of the width of the Gaussian-shaped elastically scattered 12 C distribution (green histogram in Fig. 3) , and the relative energy losses between the three C isotopes are fixed to the values of the calculated energy losses for these particles. The envelope of the 3-Gaussian distribution as well as its individual Gaussian components are shown by the black solid and dotted curves in Fig. 3 . Absolute probabilities for each ∆Z = 2 transfer process were then obtained by evaluating the integral of the individual Gaussian functions of the 3-Gaussian distribution and normalizing the sum of the three transfer probability components to the total ∆Z = 2 transfer probability.
Extracted Bi are not shown since they are at least 10 times smaller than those for α-particle transfer (see Fig. 3 ). At sub-barrier energies, 2p transfer (orange triangles in Fig. 2) is the dominant process. α-particle transfer probabilities (green triangles) are smaller by a factor of ∼ 2 − 3 compared to that of 2p transfer. The difference in probabilities between 2p and α transfer increases with increasing beam energy, and is largest at E c.m. /V B ∼ 1.0.
Insights into the transfer mechanisms and the significance of pairing correlations may be obtained by investigating the radial dependence of the average transfer form factor at large separation distances (i.e. for r min > r B , where r B is the fusion barrier radius). The asymptotic behaviour of the probability for transfer process i is given by [2, 7] 
where κ i is the slope parameter for transfer process i. The asymptotic behaviour for 1p transfer P 1p is shown by the dotted blue line in Fig. 2 . In the absence of pairing correlations between the transferred nucleons, the probability for sequential two-nucleon transfer can be estimated by the product of the single nucleon transfer probabilities. The resulting transfer probabilities for sequential uncorrelated 2p transfer (P 1p ) 2 are shown by the dotted orange line in Fig. 2 . A significant enhancement of the observed 2p transfer probability is observed, by about one order of magnitude, which suggests a strong pairing correlation between the two transferred protons.
In conclusion, the 1p, 2p and α transfer processes in the reaction 16 O+ 208 Pb have been investigated at energies far below the fusion barrier. No detailed measurements previously existed at these deep sub-barrier energies. It is found that 2p transfer is the dominant ∆Z = 2 transfer process, extending to energies E c.m. /V B ∼ 0.9. Corresponding absolute transfer probabilities reach a maximum of ∼ 10% at a beam energy around the fusion barrier energy. The 2p transfer probability is strongly enhanced compared to predictions assuming sequential transfer of uncorrelated nucleons. This indicates a strong pairing correlation between the two transferred protons and suggests the existence of a supercurrent of Cooperpair protons between the 16 O and 208 Pb nuclei. The enhancement of the 2p transfer probabilities is consistent with measurements for 16 O-induced reactions on closed neutron-shell and open proton-shell targets at energies near and above the fusion barrier [23] . The significance of 2p transfer already at energies well below the fusion barrier demonstrates that pairing correlations in 16 O may play a more important role than generally assumed.
This will have significant implications for both model calculations of nuclear collisions as well as nuclear structure. Regarding the former, it has been a challenge for many decades to simultaneously reproduce all observables related to individual reaction processes (elastic scattering, transfer, fusion, fission) for the 16 O+ 208 Pb reaction at near-barrier energies. The current measurements show that cluster transfer occurs with significant probability even at sub-barrier energies, and must be correctly included in nuclear reaction model calculations [9, 24, 25] . This may then lead to a full understanding of this reaction and the structure of its constituting nuclei.
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